The ratio of early diastolic transmitral flow velocity (E) to early diastolic mitral annular velocity (E a ) is frequently used to predict an increase in left ventricular filling pressure (LVFP). However, this approach has several limitations. The aim of this study was to test whether additional information is gained by new echocardiographic indexes utilizing strain and strain rate (SR) derived from 2-dimensional speckle tracking echocardiography (2D-STE) for the estimation of LVFP.
Introduction
The determination of left ventricular filling pressure (LVFP) is of utmost importance in many clinical scenarios. 1 The evaluation of left ventricular (LV) diastolic function and the concurrent estimation of LVFP is one of the pivotal steps in the diagnosis of primary diastolic heart failure. In patients with both systolic and diastolic heart failure, an increase in LVFP precedes the episodes of acute heart failure decompensations 2 and is an important marker of poor prognosis. 3 One of the basic non-invasive parameters which reflect the LVFP is the ratio of peak early diastolic transmitral flow velocity (E) to peak early diastolic velocity of mitral annular motion (E a ) derived from conventional pulsed-wave and Doppler tissue echocardiography. The E/E a ratio has been found to be superior to individual Doppler tissue imaging (DTI) parameters and to conventional pulsed-wave Doppler parameters assessing LV filling or pulmonary venous flow both in predicting the increase in LVFP 4 and assessing of patient prognosis. 5 However, DTI has inherent limitations which may have a negative impact on the accuracy of E a measurements. Specifically, TDI is angledependent, and is affected by tethering, myocardial translation, and respiration motions. Recently, 2-dimensional speckle tracking echocardiography (2D-STE) has been introduced for the measurement of systolic and diastolic strain and strain rates (SRs), 6 -8 which does not have the above-mentioned limitations. This study was designed to assess whether 2D-STE-derived parameters are superior to the E/E a ratio in the estimation of the LVFP measured as the pulmonary capillary wedge pressure (PCWP) in patients with heart failure due to idiopathic dilated cardiomyopathy (IDC).
Methods

Patient population
Sixty-five consecutive patients with symptomatic heart failure due to IDC, who were referred to St. Anna Hospital as potential candidates for orthotopic heart transplantation for detailed cardiological assessment, were prospectively enrolled. The cardiological examination included the patient's history, physical examination, routine blood tests, 12-lead electrocardiogram, chest radiograph, and conventional transthoracic echocardiography prior to right heart catheterization. The inclusion criteria of the study were a good quality of precatheterization transthoracic echocardiography and sinus rhythm on electrocardiography. The exclusion criteria were the presence of coronary artery disease, congenital or valvular heart disease, or any systemic or metabolic disease known to induce cardiomyopathy. Out of 65 IDC patients, 60 patients had an acceptable quality of precatheterization conventional echocardiography and underwent simultaneous pulsed-wave tissue Doppler, speckle tracking echocardiography, and right heart catheterization on the next hospital day. A control group comprised 18 age-and gender-matched healthy volunteers without any cardiovascular disease or any cardiovascular risk factor. The control group patients underwent echocardiography without right heart catheterization. They had no pathology on echocardiography and used no medication. All patients gave their written consent to the investigations. The study complies with the Declaration of Helsinki and was approved by the ethics committees at St. Anna Hospital and Mayo Clinic College of Medicine.
Echocardiography
Conventional pre-catheterization and catheterization echocardiography were performed using Vivid 7 (GE/Vingmed, Milwaukee, WI, USA) with an M3S transducer during shallow respiration or end-expiratory apnoea. Transmitral and aortic flows were recorded using pulsed-wave Doppler echocardiography and were used to determine cardiac cycle phases. Pulsed-wave DTI of mitral annular motion was recorded at four annular sites adjacent to the septum, and lateral, inferior, and anterior walls. The narrow angle sector (30 -408) was used to obtain Doppler tissue images (sample volume of 5.9 mm) at the high frame rates of 172-234 frames/s. The detailed principles and methodology of 2D-STE have been described previously. 9 Briefly, we used a high spatial resolution 2D-STE (EchoPAC PC SW-6.1.0., GE Medical Systems, Horten, Norway) allowing an accurate evaluation of low deformation values 10 expected in IDC patients. Gray scale 2D images (frame rate of 44 -82 frames/s, 3-5 cardiac cycles) from apical 4-and 2-chamber views and parasternal short axis (SAX) views at the base, at the level of papillary muscles, and at the apex were recorded. The mean strain and SR curves of six myocardial segments were used for the determination of individual parameters. The best tracking quality was obtained in the SAX view at the level of papillary muscles and in the apical 4-chamber view. Thus, the SAX view at the level of papillary muscle was used for the assessment of circumferential strain and the SR, although the apical 4-chamber view was used for the quantification of longitudinal strain and the SR.
Echocardiographic parameters
Echocardiographic measurements were made according to the recommendations of the European Society of Cardiology. 11 Peak early (E) and late (A) diastolic transmitral flow velocities and deceleration time of the transmitral E-wave (DT) were measured from pulsed-wave Doppler recordings. The severity of mitral regurgitation was graded based on comparison of the mosaic regurgitant jet area indicated by colour flow mapping with the size of the left atrium. 12 Four regurgitation grades were defined: grade 1 (,15%), grade 2 (15 -35%), grade 3 (36 -55%), and grade 4 (.55%). Grade 0 -2 indicated mild mitral regurgitation; grade 3 -4 indicated severe mitral regurgitation. Peak systolic, and early and late diastolic mitral annular velocities at the septal corner (S a sept , E a sept , A a sept ) and at the lateral corner (S a lat , E a lat , A a lat ) were measured from DTI, and the average of septal and lateral values was calculated (S a , E a , and A a ). The results of conventional pulsed-wave Doppler and DTI parameters were obtained as a mean of three to six consecutive heart cycles. On the mean strain circumferential and longitudinal curves, the strain values were measured at the time of aortic valve closure (endsystolic strain), at the time corresponding to the peak transmitral early diastolic velocity (strain TE), and at the onset of LV deformation induced by atrial contraction. The time interval from peak R-wave of the QRS complex to peak E was measured and used for the determination of the point of strain TE measurement on the mean strain curve. The point of measurement of strain at the onset of LV deformation induced by atrial contraction was always checked by the course of the corresponding SR curve and coincided with the onset of the late diastolic SR wave. Ventricular myocardial deformation during atrial contraction (Strain A) was calculated as the strain at the end of cardiac cycle (strain ¼ 0) minus the strain at the onset of LV deformation induced by atrial contraction. From the SR curves, peak systolic (SR-S), peak early (SR-E), and late (SR-A) diastolic SRs as well as peak strain during isovolumic relaxation (SR-IVR) were determined. All deformation parameters were analysed on both longitudinal (long) and circumferential (circ) strain and SR curves. The results were obtained as a mean of two to three consecutive heart cycles. Speckle tracking analysis was performed offline by two experienced observers (J.M. and M.O.) who were blinded to PCWP values. The reproducibility of measurements of longitudinal and circumferential end-systolic strain values as well as systolic, early and late diastolic SR values of these readers has already been published. 13 Mean absolute differences of intra-observer repeated measurements (J.M.) and inter-observer measurements formed 3.9 -12.4 and 8.7 -13.0%, respectively, of the mean primary values. The variability of Strain TE long and Strain TE circ reached 12.4 and 7.5% for inter-observer and 7.7 and 8.5% for intra-observer measurements, respectively. Of the parameters obtained, the following echocardiographic indexes were calculated: E/A, E/E a , E/E a sept , E/E a lat , E/SR-E long , E/SR-E circ , E/SR-IVR long , E/SR-IVR circ , E/Strain TE long , E/Strain TE circ .
Right heart catheterization
A 7F catheter was inserted via the right jugular vein into the right ventricle and the pulmonary artery, and the mean pulmonary artery pressure was measured. Then the catheter was located at the pulmonary capillary wedge position, the balloon was inflated, and the PCWP, heart rate, and systemic blood pressure values were obtained using a mechanoelectrical transducer (model P23XL, Ohmeda Medical Devices Division, Oxnard, CA, USA). Subsequently, the catheter balloon was deflated in the wedge position without any change in the catheter location and all the required echocardiographic images were recorded within 15 min. After echocardiography was completed, the catheter balloon was again inflated. PCWP recording was repeated and cardiac output was measured by the thermodilution technique. The reported PCWP was calculated as an average of PCWP values measured before and after echocardiography. During the catheterization, the patients were permanently in a supine position without any position change during simultaneous echocardiography.
Statistical analysis
The results are expressed as mean + SEM for continuous variables and relative frequencies for binary and categorical variables. All sample distributions were found normal and no transformation was needed; four extreme points were excluded. The standard t-test for two independent samples adjusted for unequal variances (tested by F ratio test) was applied for mutual comparison of patients and control subjects. The ML-x 2 test was applied to compare differences among the groups of patients in binary or categorical variables. A Pearson's product moment correlation coefficient was used to examine the correlation between PCWP and non-invasive echocardiographic variables. Receiver operating characteristic (ROC) curves were constructed to assess optimal sensitivity and specificity for parameters to predict increased PCWP in two categories (PCWP . 12 mmHg and PCWP . 24 mmHg). The significance of ROC analysis was based on the calculated area under the curve (AUC) with the corresponding 95% confidence interval. AUC values were tested using an algorithm published by Hanley and McNeil. 14 The analyses were performed using Statistica 8 and SPSS 17.
Results
Out of 60 patients who underwent simultaneous echocardiography and right heart catheterization and out of 18 controls, 4 patients and 1 control subject did not have optimal 2D-STE quality and were excluded from the final analysis. Another five patients were excluded because of the fusion of the peaks of early and late diastolic velocities and SRs. Thus, the final study cohort comprised 51 patients with IDC and 17 controls.
In the IDC patient group, there were 40 men (78%) and 11 women (22%), aged 48.7 + 1.6 years on an average (range, 25-67 years). The control group comprised 13 men and 4 women, mean age 46.9 + 3.0 years, range 26-65 years, P ¼ NS vs. IDC patients.
Echocardiographic measurements in IDC patients and healthy controls
Echocardiographic measurements are shown in Table 1 . Except for conventional pulsed Doppler parameters (E, A, DT), there were significant differences between the groups in all other functional variables analysed. Of IDC patients, the longitudinal deformation parameters could not be evaluated in three patients and circumferential deformation parameters in another four patients for suboptimal quality of the corresponding views. Table 2 demonstrates echocardiographic indexes used for the prediction of LVFP. Although the E/A ratio was comparable in both groups, all other indexes differed significantly. The E/SR-IVR ratio was not included into the analysis in four patients with SR-IVR circ ¼ 0 and in one patient with SR-IVR long ¼ 0.
Right heart catheterization and the relationship between pulmonary capillary wedge pressure and echocardiographic measures Right heart catheterization was successfully performed in all IDC patients. Mean pulmonary artery pressure, PCWP, and cardiac output were 30.9 + 2.0 mmHg, 21.7 + 1.5 mmHg, and 3.9 + 0.1 L/min, respectively. Heart rate and the mean aortic pressure at the time of catheterization were 71.5 + 1.8 beats/min and 88.5 + 1.8 mmHg, respectively. Prediction of an increase in left ventricular filling pressure Table 5 compares the echocardiographic results in IDC patients with normal PCWP (≤12 mmHg), mildly to moderately elevated (13-24 mmHg), and severely elevated PCWP (.24 mmHg). The majority of the individual parameters and calculated indexes differed significantly among the groups, mostly demonstrating a progressive worsening of LV systolic function with increasing PCWP and changes in diastolic parameters reflecting the increase in the PCWP. The parameters that revealed statistically significant differences among the categories of the PCWP entered the subsequent ROC analysis, and those with AUC . 0.85 are demonstrated in Table 6 . When predicting PCWP . 12 mmHg, the largest AUCs were reached for Strain A circ (0.956), SR-A circ (0.951), and E/SR-E circ (0.949). When predicting PCWP . 24 mmHg, the largest AUCs were found for Strain A circ (0.900), E/E a (0.890), and DT (0.885). None of these AUCs significantly exceeded the one found for the E/E a ratio.
Discussion
The accuracy of pulsed-wave and tissue Doppler echocardiography for the estimation of left ventricular filling pressure 17 In some studies, however, the non-invasive prediction of the LVFP using E/E a was found to be suboptimal. 24, 25 Recently, Mullens et al. 26 did not find any correlation between the mitral E/E a and the PCWP in patients with advanced decompensated heart failure. Thus, it is unclear whether the E/E a ratio can be used to predict the LVFP in patients with IDC. In our study, we found modest correlations between conventional pulsed-wave or tissue Doppler parameters and the PCWP, the best being for DT (r ¼ 20.717), E/A (r ¼ 0.651), and E/E a sept (r ¼ 0.622). Similar to other researchers, 25 we found worse correlations between echocardiographic parameters and the LVFP in patients with severe mitral regurgitation. Several parameters allowed to predict an increase in PCWP . 12 mmHg or .24 mmHg with sensitivities and specificities . 80%. The relatively good performance of conventional Doppler parameters (E, DT, E/A) can be explained by the inclusion of patients with IDC having markedly impaired LV systolic and diastolic function. It is known that E, DT, and E/A exhibit a U-shaped course of changes with the progression from normal LV diastolic function to severe LV diastolic dysfunction accompanied by high LVFPs. In the absence of patients with normal or only mildly depressed LV diastolic function, the initial normal or near normal E, E/A, and DT values on the U-shaped Tables 1 and 3 . *Significantly different r in the two compared groups of ICD patients (P , 0.05).
Estimation of left ventricular filling pressures curve are missing and a nearly linear parameter distribution with a progressive increase in the PCWP can be found.
The role of speckle tracking echocardiography in the estimation of left ventricular filling pressure
Although 2D-STE provides several advantages over DTI, to date, only few parameters utilising strain or SR for the prediction of the LVFP have been studied. The E/SR-E ratio was validated in one study, 6 which found significant but only a weak (r ¼ 0.58) correlation between E/SR-E and the PCWP. This finding corresponds to our results demonstrating similar correlations of E/SR-E long (r ¼ 0.554) and E/SR-E circ (r ¼ 0.541) with the PCWP. However, we found a good ability of E/SR-E circ to predict PCWP . 12 mmHg (AUC 0.949). Recently, Dokainish et al. 7 described, in 50 patients with mostly mild LV systolic dysfunction, a significant correlation of Strain TE (designated as D s in this study) with invasively measured 2dP/dt. These authors showed that E/D s correlated better with the LVFP than did the E/E a ratio. Our study confirms the utility of this index and its probably closer relationship to the PCWP when compared with E/E a . We have also shown that this index is clinically applicable in patients with more severe LV dysfunction. In our study, we did not find as close a relationship of E/SR-IVR to the PCWP as described by Wang et al. 6 However, the strength of E/SR-IVR was proved mainly for patients with a normal LV EF, with E/E a 8-15, and with regional myocardial dysfunction. In our study, many echocardiographic parameters correlated significantly with the PCWP. However, the quantitative values of correlation coefficients reflected a rather high variability in the underlying relationships. In the absolute value, no coefficient exceeded the value of 0.8 and only one (DT) exceeded the boundary of 0.7. This fact strongly limits the prediction of the PCWP as a continuous parameter in models using echocardiographic parameters. For these reasons, we adopted the strategy to predict the PCWP in categories related to the binary coded echocardiographic parameters. The prediction of PCWP . 12 mmHg identifies patients with an increase in the LVFP. In this regard, we found numerous parameters reaching a sensitivity and a specificity over 80% in such a prediction. However, a PCWP . 12 mmHg is present in many patients with IDC who are in a stabilized and compensated state. From the clinical point of view, it could be more worthwhile to identify patients at risk of acute cardiac decompensation or pulmonary congestion. The PCWP . 24 mmHg heralds such risk. 2 Of the parameters tested, DT, Strain A circ , and the E/ E a ratio demonstrated the ability to predict PCWP . 24 mmHg with a sensitivity and a specificity exceeding 80%. The application of such parameters may be of great clinical importance because it can help to guide and optimize heart failure therapy, especially the dose of diuretics, which can effectively decrease the PCWP level.
Study limitations
At present, 2D-STE utilizes frame rates mostly within the range of 60 -90 frames/s. That causes a mild underestimation of mainly SR values when compared with DTI-derived velocities obtained at a frame rate around 200 frames/s. Our study was performed in a highly selected population of patients with the diagnosis of IDC. The presence of a left bundle branch block (14 patients, 27%) may have affected the ability of echocardiographic parameters to predict LVFP the through the presence of a significant intraventricular dyssynchrony. 27 The absence of patients with normal LV diastolic function and lack of patients with only a mild LV diastolic dysfunction are likely to influence our analysis of conventional Doppler LV filling parameters that are known to change in a nonlinear fashion during the development and progression of LV diastolic dysfunction. Thus, our results cannot be readily extrapolated to patients with other diagnoses and mainly to patients with normal LV systolic function. 
Conclusions
In patients with IDC, several 2D-STE-derived parameters were found to better estimate the elevation in the LVFP when compared with the conventionally utilized E/E a ratio. When predicting PCWP . 12 mmHg, the largest AUCs were reached for Strain A circ (0.956), SR-A circ (0.951), E/SR-E circ (0.949), E/Strain TE circ (0.948), and E/E a sept (0.929). When predicting PCWP . 24 mmHg, the largest AUCs were found for Strain A circ (0.900), E/E a (0.890), DT (0.885), and E/Strain TE long (0.853). However, the widespread clinical applicability of 2D-STE-derived parameters has yet to be confirmed in future studies.
